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Introduction
Southern Africa region is an area typical of many countries in Africa where continued threats to the world's land resources are compounded by the need to raise food production and reduce poverty [1] . In this region, agriculture continues to be a strategic sector in the development of most of its countries. It forms the backbone of the economies of southern African countries by contributing 35% of the gross domestic product, offers 70-80% employment, provides about 30% foreign exchange earnings and provides livelihoods to over 70% of smallholder farmers who constitute the bulk of the food producers [1, 2] . Despite this pivotal role of agriculture, the southern African countries seem to have been bypassed by the Green Revolution because deepening hunger and abject poverty continue to impede the development prospects in much of sub-Saharan Africa in the twentyfirst century with over 50 million people in this region facing food insecurity and 25 million living in absolute poverty [2] . The numbers of malnourished children and people living below the poverty datum line are exponentially escalating [3] , and this can potentially reduce the chances of the sub-Saharan region to meet sustainable development goals of ending poverty and hunger by 2030. Although there are multiple dimensions to the problem of increased food insecurity, the fundamental cause is declining staple food production [4] . The reduced yields of important food crops are attributed to a number of causes that include: use of rudimentary farming practices, the low productive capacity of the heavily nutrient-mined sandy soils, increased frequency and intensity of cyclical droughts and the low input nature of the conventional farming systems in the region [5, 6] . This host of production constraints coupled with the lack of incentives to smallholder farmers for engaging in optimal land management policies that would speed up the need for technological change is propelling massive land degradation leading to low agricultural productivity and consequently increased food insecurity [7] . Farming systems that are characterized by smallholder farms have so far been displayed low propensity to invest in improved agricultural technologies [8] [9] [10] . A fundamental problem that has been occurring silently over the years is the eroding of the productive capacity of soils. With little replenishing, in terms of organic and inorganic fertilizers, the soils have become depleted of minor and major nutrients necessary for crop production. The poor smallholder farmers of sub-Saharan Africa have the lowest usage rate of inorganic fertilizers in the world [11, 12] . Furthermore, very few farmers use farming practices that physically conserve the soil, and as a result, farmers are trapped in a vicious circle of poverty and hunger as the soils continue to degrade unabated.
Conservation Agriculture in southern Africa
An analysis of agricultural performance in southern Africa shows that growth in food production has lagged behind population growth since the 1970s. Overall per capita food production including cereals and livestock declined from the 1970 through the 1990s [13] . During this era, conservation agriculture (CA), a farming approach that aims to reduce soil degradation and conserve soil moisture, was necessitated by the need to improve staple crop production in southern Africa [14, 15] . It was purely based on indigenous knowledge, which was then overlooked but is now gaining ground and is being promoted by scientists [16, 17] .
A suite of practices fall under conservation agriculture, but reduced tillage and mulching are the main ones targeted to farmers in southern Africa [4, 15] . Three important principles underpin CA: (1) minimal soil disturbance, (2) permanent soil cover and (3) crop rotations [18, 19] . Minimum soil disturbance and permanent soil cover help in improving soil organic matter content, reducing water run-off due to increased infiltration, as well as increased soil biological activity [18] . Use of mulch is particularly important for infiltration and reduction in evaporation. This is especially in southern Africa where aridity is predicted to increase the effects of climate change [20] . Crop rotations prevent pests and disease carry-over as well as improving soil fertility when legumes are used.
The above-perceived benefits of CA have led to concerted efforts to promote it as a panacea for land degradation in southern Africa by the Food and Agricultural Organization (FAO), international research institutes, governments, non-governmental organization and national research institutions since the mid-1980s [21] . Even though CA has been successfully implemented in fertile soils in some parts of the world such as southern America, its performance on degraded soils in southern Africa remains unclear [4, 16] .
There are dotted evidences so far of positive yield effects of CA in southern Africa, but these are largely coming from experimental plots [22, 23] . At the farm level, one of the immediate and key livelihoods outcome expectations is improved food security [24] . The biophysical transformations that are occasioned by practicing conservation agriculture are expected to result in sustained increase in crop yields [25] . However, caution must be exercised against the belief in CA as a "magic bullet" to a plethora of challenges associated with poor performance of agriculture in sub-Saharan Africa (SSA) [15, 26] . A critical analysis about CA's ability to reverse the negative effects of conventional and traditional agricultural practices has for a long time been overlooked [15] . The adoption literature warns that if CA fails to materialize in tangible benefits that are at the fore of farmers' interest, such as increased food or income, prospects of its widespread adoption are low [27, 28] . Furthermore, CA successes in southern Africa are based on limited on-farm trials rather than complete adoption by farmers [26] . The unique conditions of smallholder farmers entail a different reception of CA in southern Africa and other developing countries. On the other hand, there is the argument that lack of published works on CA adoption in southern Africa leads to wrong conclusions about low adoption rates [29] . Literature on adoption of new technologies shows that socio-economic variables such household demographic attributes (e.g. age, gender and education) are among the key factors accounting for the differential adoption of CA among smallholder farmers [4, 30, 31] .
This study is based on a very extensive sample (1623) of smallholder farmers in three southern African countries of Zimbabwe, Malawi and Mozambique, and applying the latest impact assessment methodology empirically evaluates whether the use of conservation agriculture practices is making any improvement on the food security situation of farmers. This paper makes valuable addition to the literature, given the current heated debated in the literature on whether conservation agriculture works at all for smallholder farmers [15] and the scarcity of empirical work evaluating impact of CA on farmer livelihoods in southern Africa.
Methods
The study aims to attribute food security outcomes of farmers to adoption of conservation agriculture practices. The study is based on an extract of 1623 households interviewed during the Forum for Agricultural Research in Africa (FARA) sub-Saharan Africa Challenge Programme (SSA CP) end-line survey. The data were collected through questionnaire survey from a stratified random sample of farmers in Zimbabwe, Malawi and Mozambique. The section that follows briefly describes the research area, methods used to select the population sample, measures for food security and the econometric approaches used to establish causality between food security and CA use.
The research area
This study was conducted in selected areas of Zimbabwe-Mozambique-Malawi Pilot Learning Site (ZZM PLS) where International Centre for Tropical Agriculture (CIAT) under the sub-Saharan Africa Challenge Programme has been implementing conservation agriculture practices since 2008. The ZMM Pilot Learning Site is a 274,000 sq km transect corridor running through north-east Zimbabwe, central Mozambique and southern Malawi. The ZMM PLS is dominated by the maize-mixed farming system. Other crops include tobacco and cotton. Sandy soils dominate the region, and the mean annual rainfall ranges between 600 and 750 mm.
Socio-economic environment of the research area
Principal livelihoods are based on maize, tobacco, cotton, grain legumes, small ruminants and poultry and off-farm work activities. The maize-mixed system is currently in crisis because smallholder farmers have reduced the levels of use of science-based inputs, resulting from shortages of seed of improved varieties, fertilizers and agrochemicals and the high input-to-output price ratios.
There are also problems of declining farm sizes and draught animal ownership; reduced labour supply due to HIV/AIDS; and falling migrant remittances. Soil fertility is declining, yields are falling and smallholder farmers are reverting to extensive production practices. This is resulting in mutually self-reinforcing mechanisms of increasing land degradation and, in turn, accelerating poverty and food insecurity. Drought and market volatility result in vulnerability, thereby reinforcing the vicious cycles of poverty. Despite the current crisis, there exist significant opportunities for long-term agricultural growth and high potential for poverty reduction. In the more densely populated areas with better services, strategies include intensification and diversification out of maize into higher-value cash crops such as vegetables and livestock combined with increasing off-farm income activities with strong linkages to agriculture. Implementation of these strategies depends on productive and profitable technologies for improved soil fertility management, conservation agriculture, integrated pest management (IPM), private sector investment for the development of viable input and output markets and farmers collective action (bulk buying, rotational savings, joint marketing and rural microfinance institutions). Diversification could also involve in the development of low-lying areas for irrigated or rain-fed vegetable production. In the low population density areas, priorities include area expansion and intensification through zero tillage, conservation farming, grain legumes integration, farmer-based multiplication of seeds and planting materials, and community-based land tenure reform. The principal challenge against which ZMM PLS project is utilizing Integrated Agricultural Research for Development (IAR4D) hinges around the need to reduce vulnerability through improved soil, water and nutrient use, intensification, diversification and improved functioning of markets and value chains.
Sample population
In this paper, we use a quasi-experimental design to compare outcomes under intervention (CA practicing households) and under non-intervention (non-CA practicing households). This involves experimental districts, which receives the treatment, and a control group, which do not receive treatment. Randomization under ideal conditions allows mean program impact to be assessed through simple comparisons of outcomes for treated and control groups [32] . The districts were stratified on the basis of market access and agro-climatic potential. For each intervention (CA treatment) district, there is one control district (non-CA), which was selected using stratified random sampling method. In the intervention district, five villages were then selected using stratified random methods. From the control district, five clean villages were also selected using stratified random sampling techniques. "Clean" villages generally refer to villages in which there is absence or very minimal level of any agriculture developmental intervention in the last 2-5 years. In each of the selected villages, ten households were randomly selected for monitoring and impact evaluation. The objective of the programme is to evaluate whether or not conservation agriculture has more livelihood impact (food security) in the intervention district relative to the counterfactual districts.
Conceptualizing food security
Food security in this paper is conceptualized as a position in which households have physical and economic accesses to adequate, safe and nutritious food to cater for their needs and preferences for a healthy life [33] [34] [35] . As highlighted in the paper earlier, IAR4D is expected to improve farm productivity, incomes and food security through promoting an interconnected network of actors in agricultural value chains. The cohesive nature of relationships in value chains improves the prospects of improving adoption of sustainable farming practices (technologies and methods) such as CA, access to production and market information among farming households just to mention but a few benefits. CA adoption has been widely promoted targeting the improvement in productivity in almost similar farming systems in the three countries. Increased crop productivity of farmers transform to enhancement in availability and access to food and surplus for sale [24, 35] . This indicates that adoption of CA can have a direct and positive influence on household Food Consumption Scores ceteris paribus. In addition, household Food Consumption Scores can also be improved indirectly by CA through purchase of other essential food stuffs from income obtained after selling surplus crop outputs. Hence, we expect adopters of CA in all the studied areas to be better off in terms of food security using Food Consumption Scores as proxy measure for food security.
Measuring food security
Food security can be measured at various scales: regional, national, household and individual levels. In our case, we focus at the household level. A number of indicators are used to measure food security at household level, and these commonly include: the Household Dietary Diversity Score (HHDS); Copying Strategy Index (CSI) and the Food Consumption Score (FCS). The HHDS indicates the diversity of the dietary intake of a household; the CSI captures the severity of the strategy a household resorts to in copying with periods on food shortages; the FCS shows the quantity and quality of food actually consumed by a household. The suitability of each of these indicators depends on the given food shortage situation and intend use of the information. For example, for the purpose of a quick assessment under an emergency relief situation, the CSI may be more appropriate. In our case, we were concerned about both the quality and quantity consumed by households; hence, the FCS was a more suitable indicator of food security. The FCS was computed in accordance with guidelines provided by Emergency Food Security Assessment Handbook [36, 37] . The FCS is designed to reflect the quantity and quality of people's diet at household level. A composite score is derived from a weighted sum based on the food type and frequency of consumption during a 7-day period.
Measuring impact
To conceptualize and measure the impact, the study adopts the potential outcomes framework following earlier work [38] [39] [40] . According to this framework, impact (treatment effect) can be defined as the outcome for exposure (participation) minus the outcome for non-exposure (non-participation)-(y 1 − y 0 ). In our specific case, it is the difference in Food Consumption Score for use and non-use of CA. Because it is impossible to observe both an outcome and counterfactuals for the same individual, this approach relies on different individuals to estimate treatment effect. Because of the selection biases, treated farmers and non-treated farmers tend to be systematically different sub-samples. The inherent challenge of impact evaluation is therefore that of isolating the effect of the treatment from other factors and potential selection biases [41] . One of the often used means of dealing with selection bias and achieving statistically comparable groups utilizes the two key assumptions of conditional independence and overlap. Conditional independence assumption states that given a set of observable covariates X that are not affected by treatment; potential outcomes Y are independent of treatment assignment T. This means that X must account for factors influencing exposure such that after controlling for these, the effect of adopting CA can be obtained free of selection bias. The overlap assumption requires that for all possible values of X, there are both treated and untreated units. Researchers term conditional independence and overlap as "strong ignorability" [38] .
In this study, the average treatment effect (ATE) was estimated using the nearest-neighbour matching (NNMATCH) approach. This approach imputes the missing potential outcomes for the untreated group using average outcomes for individuals with similar observed characteristics, based on covariates X. Table 1 summarizes the number of farmers covered by the survey and the incident of CA adoption across the three countries. Use of conservation agriculture was highest in Zimbabwe where about a third of the farmers (35%) reported its use. This was followed by Mozambique (13.6%), and Malawi (6.7%) had notably much lower adoption rate. These figures seem consistent with the time period of CA promotion: CA promotion started much earlier in Zimbabwe compared to the other countries. Overall with an average adoption rate of 19.8%, CA is a relatively new technology still to diffuse to majority of the farmers in the sub-region. Table 2 shows a comparison of CA and non-CA farmers in terms of some selected socio-economic attributes of households. The mean Food Security Scores of farmers in the three countries ranging from 33 to 39 fall in the borderline and susceptible food consumption bracket according to World Food Programme (WFP). In Zimbabwe CA farmers had significantly (P < 0.1) lower FCS than non-CA farmers, while in Mozambique CA farmers were significantly more food secure than their counterparts; in Malawi, differences were not statistically significant.
Results and discussion
Adoption of conservation agriculture
Socio-economic comparison of CA and non-CA farmers
Other notable differences between CA and non-CA farmers were observed for gender of household head in Mozambique (more female-headed CA households); access to arable land in Zimbabwe (non-CA farmers had larger land sizes); cultivated land size in Zimbabwe and Mozambique (in both countries, CA farmers cultivated smaller land parcels). For all other household characteristics, head age, household size, number draft cattle owned, ox-plough ownership, mobile phone ownership and crop income of CA and non-CA farmers were not different. Statistics showing a socio-economic comparison of CA and non-CA farmers in the three studied countries are presented in Table 2 . Table 3 shows the estimated impact of CA adoption on food security. Three parameters ATE, ATE1 and ATE0 have been computed using the NNMATCH module of Table 2 A socio-economic comparison of CA and non-CA farmers
Impact of CA adoption on FCS
Food consumption profiles as given in [36, 37] and considered in this study are as follows: 0-21 is given as poor; 21.5-35 is given as borderline consumption; and >35 is given as acceptable consumption. Average Food Consumption Scores in the study sites ranged between 33.06 and 39.21, which can be classified as borderline to acceptable levels
Country
Zimbabwe Malawi Mozambique
Non-CA CA T test (Pr(T > t)) Non-CA CA T test (Pr(T > t)) Non-CA CA T test (Pr(T > t))
Food Consumption Score STATA and employing the following variables as balancing covariates: head age, gender and household size. ATE is the average treatment effect on a randomly selected individual in the population, while ATE1 is the effect of treatment on a person randomly selected from the exposed sub-population, and ATE0 is the effect on those not exposed yet.
In Zimbabwe and Malawi, negative effects of CA adoption on food security were observed though these were not statistically significant. For example, in Zimbabwe CA adoption was estimated to result in a reduction (ATE1) of 2.05 in the FCS among farmers who were using CA. Positive results were observed in Mozambique where CA adoption resulted in an improvement in the FCS by 5.486 among CA users (ATE1), and this effect was statistically significant (P < 0.1). Possible reasons for the insignificant of CA impact on food security in Zimbabwe and Malawi could include the small land areas currently devoted to CA, and the failure to implement the full complement of practices necessary to set off the biophysical process that are expected to drive yield increases. For example, farmers due to constraints imposed by the biophysical, institutional and socio-economic environment often fail to achieve meaningful residue retention and/ or incorporate herbicides to control weeds [4] . A possible reason for effectiveness of CA in Mozambique could be due to the fact that often CA is being promoted together with other better cropping management practices such as timely weeding and improved seed varieties, which are poorly practiced by the generality of farmers in a country just emerging from a war period.
Overall, the lack of stout, persistent and positive impacts of CA adoption across the three studied countries could be attributed to selective adoption of CA principles common in the region as highlighted by scientists [15] , and the shorter time period (from inception of IAR4D activities to end-line survey data collection) considered to conceive the impact of CA on farming households in this study. More so, the lack of persistent results is plausible given the differences among the three studied countries in other various conditions not captured in the data set (e.g. macroeconomic conditions and differences in agricultural extension systems) that may affect and explain the differences in CA adoption.
Studies have shown that farmers in Africa do not adopt all the relevant principles of CA adoption due to different constraining factors including labour requirements, insufficient resources to grow high-value crops and limited access to productive inputs [42] [43] [44] . Also important to note is the fact that institutional links expected to reduce time lags between technological development and dissemination and final uptake by farmers need time to materialize [35] . Since CA was being promoted in a new paradigm "IAR4D, " it is possible that weak cohesion among multiple stakeholders and difficulties in adapting to the new approach can explain limited impacts of CA in studied sites.
Conclusion
This paper provides one of the few ex post assessments of the impact of CA adoption on household livelihood outcomes-food security. The study employed the counterfactual outcomes framework to isolate the effect of CA on household Food Consumption Score. Results show that in Zimbabwe and Malawi CA had no impact on FCS, while in Mozambique a positive and significant impact was observed. Possible reasons for the insignificant of CA impact on food security in Zimbabwe and Malawi could include the small land areas currently devoted to CA, and the failure to implement the full complement of practices necessary to set off the biophysical process that are expected to drive yield increases. Also, tobacco plays a very big role in farmers' livelihoods in these two countries. Farmers who grow tobacco do not use CA in tobacco fields. A possible reason for effectiveness of CA in Mozambique could be due to the fact that often CA is being promoted together with other better cropping management practices such as timely weeding and improved seed varieties, which are poorly practiced by the generality of farmers in a country just emerging from a war period. Therefore, there is a need to identify constraints that are limiting the transformation of CA biophysical processes into tangible livelihoods outcomes key of which is increased food security. Also, it may be interesting for future research to ascertain the impact of CA adoption on livelihood outcomes in studied countries taking note of the actual CA principles adopted by farmers. This could add value and improve understanding on livelihood impact aspects of CA in the region. The studies have shown differential adoption of CA principles in Africa of which the practice leads to less than intended benefits to farmers. Understanding constraints that could be limiting adoption of all the CA principles by farmers can inform proper CA impact evaluation. Despite all these, we would like to propose as a matter of policy that a value chain approach should be used to ensure sustainability and profitability of CA to farmers. Governments in the region should include commercial and high-value crops into the CA programme, add value to farmers produce and link them to lucrative markets so that they can benefit from the high yields that accrue as a result of adopting CA technologies. 
